In this issue, Metzis et al., demonstrate that in the development of the central nervous system, patterning along the anterior-posterior axis precedes acquisition of neural identity. This contrasts with the prevailing view that neural identity comes first, providing a new window on the origins of the brain and spinal cord.
How cells of the central nervous system (CNS) are specified and pattered along the anterior-posterior (A-P) axis, referred to as neural induction, is a longstanding open question in developmental biology. Understanding how these different neuronal identities are specified in vivo in the embryo is critical for the advancement of in vitro stem cell differentiation protocols for cell therapy and disease and injury modeling. Moreover, neural induction serves as a paradigm for studying how the establishment of embryonic body plan segues into the stereotypical patterning of tissues into distinct regional identities while providing insights into the origins and evolution of the vertebrate brain and spinal cord. In this issue of Cell, Metzis et al., (2018) use an in vitro stem cell model to probe the molecular events of neural specification along the A-P axis (Figure 1) .
A central open question pertains to the timing of cell fate specification and regionalization-forebrain, midbrain, hindbrain, and spinal cord-along the A-P axis during CNS development. The prevailing models for neural induction originate from studies in amphibians. Classic grafting experiments identified signaling centers (referred to as organizers) of the gastrulating embryo that could induce neural fates and even generate a secondary neural axis (Spemann and Mangold, 1924) . Moreover, distinct spatial and temporal organizers were identified that could induce anterior and/or posterior structures, leading to a multi-organizer hypothesis for patterning neural tissue (Mangold, 1933) . Later, Nieuwkoop proposed a two-step ''activation-transformation'' model by which anterior neural plate is induced (activation) and then posteriorized by discrete signals (transformation) (Nieuwkoop, 1952) . This hypothesis was further elaborated on to fit observations in amniotes by the inclusion of a stabilization step. The ''activation-stabilization-transformation'' model proposes that default anterior fate needed to be actively maintained by protection from posteriorizing signals such as the morphogens BMP, WNT, FGF, and retinoic acid (Levine and Brivanlou, 2007; Stern, 2001 Stern, , 2006 .
A decade ago, the discovery in the mouse of a bipotent neuromesodermal progenitor population, which gives rise to both spinal cord and paraxial mesoderm, challenged prevailing models of neural induction (Henrique et al., 2015; Tzouanacou et al., 2009) . Whether bipotent neuromesodermal progenitors are transformed following initial acquisition of an anterior neural fate or patterned by distinct mechanisms prior to neural commitment has not yet been addressed. As the emergence of a neurectoderm identity occurs around the same time as the body plan is established at gastrulation, it is particularly challenging to tease apart these two spatially and temporally linked processes of A-P axis formation and regional neural specification in vivo on the ever-evolving landscape of the embryo.
In a tour-de-force effort, Metzis et al. comprehensively chart chromatin accessibility during in vitro neural induction, allowing the disentanglement of questions of timing and axial patterning. As the chromatin landscape and gene-regulatory networks are dynamically re-wired during cell fate specification, with this approach, they could identify the molecu-lar signatures of regional neuronal fate acquisition along the A-P axis. Crucially, they note that posterior neural progenitors do not transit through an anterior neural state, overhauling an anterior-first specification model for the entire CNS.
To generate neural progenitors with regional identities, the authors first directed embryonic stem cells (ESCs) to differentiate to an epiblast-like state, exposing them to different cytokines to differentiate axially distinct neural progenitor populations: anterior (FGF, then SHH), hindbrain (FGF, then retinoic acid/SHH), and spinal cord (FGF/WNT, then RA/ SHH). Using ATAC-seq to assess chromatin accessibly over this 5-day period of differentiation, they observe the emergence of specific signatures corresponding to one or multiple neural progenitor or intermediate states. Sites of increased chromatin accessibility were correlated with active enhancer regions, changes in gene expression associated with distinct neuronal identity, and tissue-specific transcription-factor binding along the A-P axis. Importantly, chromatin accessibility in neural progenitors along the A-P axis in vivo correspond to in vitro differentiation, demonstrating that these in vitro derived signatures can be used as a reliable proxy for in vivo cell states. Remarkably, sites corresponding to either anterior, hindbrain, or spinal cord became accessible at the same time in their respective culture conditions as generic neural sites from day 4 (d4)-d5 of in vitro differentiation, indicating that instead of first adopting a neural identity and subsequently regionally patterning along the A-P axis or transiting through an anterior intermediate, acquisition of primary positional identity occurs prior to neural fate specification in agreement with Mangold's multi-organizer model.
The second key finding made by Metzis et al. is that WNT signaling, via the transcription factor CDX2, acts within a short time window to promote a posterior identity prior to neural specification and that cells having committed to anterior neural fates become refractory to these posteriorizing WNT signals. During differentiation of embryonic stem cells, addition of WNT (d2-d3) before retinoic acid/SHH exposure (d3-d5) will specify posterior spinal cord rather than hindbrain fates. Interestingly, forced expression of CDX2 in this critical time window could substitute for WNT in promoting the acquisition of posterior identity. Conversely, administration of WNT at later stages (d4-d5) could not induce posterior spinal cord fates from initial hindbrain culture conditions. Instead, it patterned cells along the dorsal-ventral axis, revealing how a single signal can be temporally co-opted to successively pattern the same population of cells across two perpendicular axes. Confirming the temporal activity of WNT-CDX2 in neural induction in vivo, mouse and chick embryos were treated with exogenous WNT at different time points. Earlier WNT treatments from late gastrulation stages induced ectopic CDX2 (which is normally restricted posteriorly) in the anterior neural plate. However, later treatments, once anterior neural plate is committed, could no longer induce ectopic CDX2.
This model of axial regionalization followed by neural induction is in line with Mangold's multi-organizer model of neural induction and in agreement with fatemapping studies in mouse that pinpoint early and distinct origins for the brain as anterior epiblast and spinal cord from bipotent neuromesodermal progenitors originating in the posterior epiblast adjacent to the primitive streak (Arkell and Tam, 2012) . However, fate mapping reveals the destiny of a cell, but not its full potential of fates. Metzis et al. corroborate previous fate mapping studies by demonstrating that primary regionalization of the epiblast by WNT signals occurs prior to neural induction and thus restricts their plasticity and the subsequent neural fates they give rise to. Although these experiments nicely demonstrate how a uniform signal patterns bulk populations of cells, the question remains of how opposing signaling gradients in the embryo function across a tissue to specify distinct neural identities in a coordinated manner to generate regional neighboring neural identities. These experiments are contrary to the notion of activation-transformation, as cells are not required to transit through a ''default'' anterior neurectoderm fate to be transformed (posteriorized) into more posterior neural identities such as spinal cord. Instead, they demonstrate that chromatin signatures of embryonic stem cells acquiring anterior, hindbrain, or spinal cord identities arise at the same time and that regional neural identity is dependent on the state of the starting (epiblast) population. This primary-regionalization model provides insights to the distinct origins of the brain and spinal cord and prompts a revision of the prevailing view of neural induction.
Figure 1. Temporal Sequence of Events Taking Place in Embryos Recapitulated in Pluripotent Stem Cells
Acquisition of an anterior-posterior (axial) identity precedes neural induction and the emergence of cell types having distinct central nervous system (CNS) regional identities-forebrain (anterior), hindbrain, and spinal cord (posterior). Studies with mouse mutants first alluded to a role for WNT signaling acting via the transcription factor CDX2 as a key posteriorizing factor. This has now been corroborated in embryonic stem cells (ESCs). EpiLC, epiblast-like cell.
